Abstract: The behaviour of two heteropolyacids (HPAs) with quite different stability in aqueous solutions was systematically investigated by UV, IR and NMR spectroscopy and potentiometric titration. It was shown that the Keggin structure of 12-tungstosilicic acid (H 4 SiW 12 O 40 , WSiA) anion was sustained over a wide range of pH from 1.0 to 7.0, while the same anion type of 12-molybdophosphoric acid (H 3 PMo 12 O 40 , MoPA) was present only at pH 1.0. This means that under physiological conditions WSiA is dominantly present in the form of a Keggin-anion, whereas the structure of MoPA is completely decomposed to molybdate and phosphate. The obtained results are of special importance for bio-medical and catalytic applications of these compounds and for a better understanding of the mechanism of their action.
INTRODUCTION
Polyoxometalates (POMs) of various classes are very interesting compounds with unusual behaviour: they are good catalysts, superionic proton conductors, compounds with photoconductive and magnetic characteristics and biochemical active species. 1−6 The properties of POMs in the solid state are extensively studied and rather well established but their behaviour in the liquid state is not well understood and explained in spite of numerous publications. However, the behaviour of these interesting compounds in solution is important from the aspect of their bio-medical and catalytic applications and from the aspect of their formation and degradation.
For more than 20 years, the antiviral, antitumour and anticoagulant activities of POMs have been studied. [1] [2] [3] 6 A fundamental limitations in the interpretation and application of the results on the behaviour of these compounds in physiological media, as well as their application as biochemical active compounds derives from their nature and equilibrium between different molecular forms in aqueous solutions. Namely, the problem of all biological/medicinal investigations of POMs is whether these compounds reside in their original form during biomedical treatment, and for how long and under which conditions. Generally, it is considered that the parent form of the POMs anion is active. [1] [2] [3] 6 In order to consider and elucidate the proper mechanism of the bio-medical activity of POMs, it is indispensable to identify the real active species under physiological conditions, both in vitro and in vivo.
Due to their properties, POMs are also used as catalysts in oxidation reactions, in acid catalyzed reactions and as bifunctional catalysts both in homogenous and heterogeneous catalysis. [1] [2] [3] 7, 8 With the purpose of improving the catalytic characteristics of these compounds and explaining the mechanism of their action, it is also (as in the case of bio-medical applications) important to specify the nature of the active species present. Many studies considered the hydro stability of heteropolyacids (HPA), mostly of Keggin type, and their reaction pathways in solution. 1,3,9−15 It was shown that many POMs degrade into a mixture of inorganic products in aqueous solution. 1 Kepert and Kyle 16, 17 studied the decomposition of Keggin anions containing silicon, phosphorus or boron as the central, heteroatom and tungsten as the addenda metal atom. These authors found that the equilibrium reaction in solution proceeds in three distinct stages, with [SiW 11 O 39 ] 8− and [SiW 9 O 34 ] 10− as intermediates. A few years later, stopped-flow kinetics studies of 12-molybdophosphate formation and decomposition were performed by Kircher and Crouch. 18 Molybdophosphate complexes in aqueous solutions were identified by 31 P-NMR and Raman spectroscopy, as well as by differential pulse polarography. 19 Additionally, 31 P-NMR spectroscopy was applied in a stability study of HPAs through the rate of exchange of structural units between WPA and MoPA. 15 Moreover, McGarvey and Moffat followed the major species present in tungstophosphate and molybdophosphate solutions as a function of pH by NMR and IR spectroscopy. 13 They found that both acids decompose to a lacunary form of the Keggin anion, which further decomposes to phosphate species in alkaline solutions. The same system was investigated over a wide pH range (1-12) using preparative high performance liquid chromatography combined with IR, UV-Vis and ICP spectroscopy. 20, 21 Smith and Patrick applied 31 P-and 183 W-NMR spectroscopy in a detailed study of tungstophosphoric and tungstosilicic acids in aqueous solutions. 22−24 The species present in these systems were identified and quantified as a function of pH.
The conclusions reached in all these studies were not consistent, although the conditions of the investigations were similar. Generally, it can be concluded that the hydrolytic stability of HPAs depends on the anion structure, the nature of the heteroatom and the peripheral metal atom which comprise the anion, as well as on the conditions of the solution.
The aim of this study was to investigate thoroughly the behaviour of two HPAs of the Keggin type with quite different hydro-stability, i.e., 12-phosphorsilicic (WSiA) and 12-molybdophosphoric (MoPA) acids, in order to contribute to a better explanation of their base hydrolysis. For this purpose, UV, IR and 31 P-NMR spectroscopic methods and potentiometric titration were applied and the results were summarized and compared in order to determine the dominant species present in aqueous solutions at various pH values, with special attention to physiological conditions.
EXPERIMENTAL

Materials
MoPA was prepared by literature method 25 and confirmed by infrared spectroscopy, while WSiA was commercially available (Fluka). Both acids were recrystallized prior to use.
Methods
The pH values of the solutions were adjusted by the addition of NaOH or HCl solutions and measured using a pH meter with a glass electrode. The pH values of the solutions were monitored until no apparent changes were observed. The samples were prepared one day prior to the measurements.
The UV spectra of aqueous 2.0×10 -5 mol dm -3 solutions of the HPAs were obtained using a Cintra 10e (GBS) spectrophotometer.
Solid samples for IR measurements were obtained by evaporation of the water from 5.0×10 -2 mol dm -3 solutions of the HPAs of different pH values. The IR spectra were recorded on a Perkin-Elmer 983G spectrophotometer using the KBr pellets technique, in the wave number range 1500-300 cm -1 , where the bands characteristic for Keggin anions are to be found.
Sample solutions for NMR measurement were prepared by adding the estimated quantities of NaOH just after dissolving. The NMR experiments were performed with a Bruker MSL 400 spectrometer at 161.978 MHz. The concentration of the HPAs was 5.0×10 -2 mol dm -3 , with 2048 scans, 9.0 µs pulse and 500 ms repetition time at 25 °C. The sample volume was about 2.5 ml in a 10 mm tube. Methylenediphosphonate (MDP) at 17.05 ppm was used as the external reference relative to 85 % H 3 PO 4 .
The UV, IR and 31 P-NMR spectra were recorded at pH values of 1.0, 2.0, 3.5, 5.0, 7.0, 8.5, 10 and 11.5.
Potentiometric titrations were performed by adding 0.192 mol l -1 NaOH standard aqueous solution into each of the solutions of the HPAs (20 ml, 0.064 mol l -1 MoPA and 0.087 mol l -1 WSiA) at a rate of 2 drops per second at room temperature.
RESULTS AND DISCUSSION
UV Spectra
In the UV range, the electronic spectra of HPAs having a Keggin structure exhibit two intense absorption bands at about 200 and 260 nm, attributed to the transitions O d −M and O b /O c −M, respectively. 26 The UV spectra of the WSiA solutions at various pH values, presented in Fig. 1 , show that this HPA was stable in the pH range from 1.0 to 8.5, with an absorption maximum at 262.6 nm. This band disappeared in solutions of higher pH values. In contrast, the UV spectra of the MoPA solutions changed drastically in the pH range from 1.0 to 7.0 (Fig. 2a ) but remained unchanged with further increase in the pH value of the solution (Fig. 2b) . This finding could be explained by the fact that the Keggin anions were completely decomposed into MoO at pH 7.0. At pH 1.0 and 2.0, the absorption maximum was at about 220 nm, while at pH 3.5 and 5.0, there was a maximum at 210 nm with shoulder at about 230 nm (Fig. 2a) . All the changes in the UV spectra of HPA solutions of different pH can be attributed to changes in the structure of the individual forms of the HPAs. However, it is difficult to conclude about the nature of the observed changes and to identify with certainty the formed products.
IR Spectra
IR Spectra of evaporated and dried sample solutions were recorded over the same pH range 1.0 to 11.5 as in the case of the UV spectra and are presented in Figs. 3 and 4 . It is necessary to point out that although the pH values of solutions changed during evaporation of the water, there was no reversible change of the given forms of HPAs to the parent Keggin anion. As in the case of the UV spectra, the changes in the IR spectra of the dry residues of aqueous solutions of WSiA (Fig. 3) It can be noticed from the data given in Fig. 3 and Table I , that there was almost no change in the positions of the characteristic bands for samples up to pH 7.0, confirming that the Keggin anion was preserved in the solutions up to this pH value. However, the first changes in spectrum were registered at pH 7.0, which indicate the appearance of some new species in solution. This species present at pH 8.5 can be identified as the lacunary anion, [SiW 11 O 39 ] 8− , characterized by bands at 952, 885, 870, 797 and 725 cm −1 . 28 Some of these bands disappeared at pH 10 and pH 11.5. It is evident that at pH 11.5, the WSiA had completely decomposed to − 4 4 SiO (bands at about 1000 cm −1 ) and
WO ions (bands at about 860, 700 and 525 cm −1 ). The present results are in accordance with the generally accepted knowledge that tungstosilicates are more stable than other tungsten heteropolyanions. A general scheme for the decomposition of WSiA in aqueous solution with increasing pH was proposed in the literature. 16 WO . A quantitative determination of speciation of WSiA over the pH range 3-13.5, performed by Smith and Patrick by NMR spectroscopy, 22 showed that the Keggin [SiW 12 O 40 ] 4− anion is stable up to pH 3.7; the main component in the pH range from 3.8-9.2 is the lacunary [SiW 11 O 39 ] 8− monovacant anion, which is decomposed with further increase in the pH value. The present results confirm that the decomposition pathways of WSiA in solution proceed through the formation of the lacunary monovacant anion, which is completely decomposed at pH > 8.5. However, contrary to the findings of Smith and Patrick, 22 the presented UV and IR spectra show that the Keggin anion is stable up to pH 7.0. Based on IR spectra, it can also be concluded that the degradation to tungstate and silicate occurs in alkaline solution of pH > 10.0.
The IR spectra recorded for the samples of MoPA are shown in Fig. 4 , while the major vibration bands are listed in Table II . It can be seen that only spectrum at pH 1.0 of dry residue of aqueous solution of acid have the four characteristic bands of the Keggin anion [PMo 12 O 40 ] 3− at 1067, 975, 870 and 810 cm −1 . 27 The changes in the spectrum started even at pH 2.0. The splitting of the band corresponding to the vibration P-O into two bands at about 1063 and 1035 cm −1 can be ascribed to the presence of the lacunary [PMo 11 O 39 ] 6− anion. 13 The spectra for pH 2.0 and 3.5 are complex, indicating the presence of different structures, which cannot be exactly identified from the IR spectra. At pH 5.0, the decomposition of the MoPA anion to molybdate and phosphate commenced. In alkaline solutions (pH > 7.0), complete decomposition is evident. In contrast to these results, Song and Barteau 29 found no change in the IR spectra of H 3 PMo 12 O 40 evaporated from aqueous solutions of pH 2.6-3.1. The authors explained their results as being the consequence of the short time interval between acid dissolution and IR measurements (20 min). However, in the present study it was found that equilibrium with respect to the decomposition process was attained within the time required to prepare the solutions for WSiA and MoPA, which is in accordance with the conclusions of Jurgensen and Moffat. The solutions of MoPA, in contrast to other solutions of HPAs, are coloured and with increasing pH values, the change in their colour can be followed visually, i.e., from the intense yellow of the pure acid, through green to light blue at pH > 5.0, which indicates the reduction of molybdenum.
It is obvious that pH influences the stability of both the investigated HPAs but in different ways. The present results indicate that the Keggin anion of WSiA is sustained in aqueous solutions up to pH 7.0, while this structure of MoPA is present only at pH 1.0, with other Keggin anion structures appearing with further increase in the pH value. 675w  674w  674w  680w  645w  643w  650w  640w  592w  536w  546m  545m  544m  547w  504w  459sh  374m  365w  365w  365w  341m  324w  325w  325w  320s  320s  318s  318s  320s All the changes in the UV spectra of the HPAs solutions of different pH can be attributed to changes in the structure of the individual HPA, but identification of the formed products is limited. The IR spectra present a further improvement in the identification of the dominant chemical species present in the HPAs solutions of differing pH, in relation to the UV spectra, but it is difficult to identify all the structures present. The IR spectra at higher pH values indicate the total degradation of the parent anion to tungstate and silicate or molybdate and phosphate anions.
NMR Spectra
In order to overcome the drawbacks of UV and IR spectroscopy in the identification of molybdophosphate species in solutions of differing pH values, the complementary method of 31 P-NMR spectroscopy was applied.
The 31 P-NMR spectra and chemical shifts of the peaks for solutions of MoPA of different pH values are shown in Fig. 5 31 The difference between chemical shifts of the [PMo 11 O 39 ] 6− ion observed at low and at high pH (at -0.95 to -0.49 ppm, respectively) can be explained by extensive protonation. 19 In solutions of pH 7.0 and higher, peaks corresponding to phosphate ions, PO appear, which means that the complex structure of MoPA is completely destroyed under physiological conditions. 
Potentiometric titration
The potentiometric titrations showed how the pH of the solutions of the HPAs changed on addition of 0.192 mol l -1 NaOH. Initially, the pH increased slowly from pH 1.7 to 3.0 as the NaOH was added. Continued addition of NaOH to the solution of WSiA led to a rapid increase in the pH, with the endpoint at a hydroxide to acid ratio of 4.0 (Fig. 6a) . This is in accordance with conclusions obtained from the spectroscopic results. In this pH region, WSiA is stable and behaves as a tetrabasic acid in water. On the contrary, the potentiometric titration of MoPA, H 3 [PMo 12 O 40 ] showed a broad endpoint at about 4 mole equivalences of base at pH ≈ 3.8 (Fig. 6b) . The spectroscopic results showed that at this pH value, the Keggin anion is decomposed and that aqueous solutions of MoPA contain mixture of various species, resulting in a higher basicity than expected based on its parent structure. Further addition of base to the acid solution caused no change in the pH, indicating the ability of the POMs to maintain the pH of the solution, i.e., both acids have a high buffering capacity.
The second broad endpoint in the potentiometric curve signifies the total decomposition of the HPAs.
It is evident that the electrochemical results are in agreement with the spectroscopic ones.
